We investigate the spin Hall magnetoresistance in thin film bilayer heterostructures of the heavy metal Pt and the antiferromagnetic insulator NiO. While rotating an external magnetic field in the easy plane of NiO, we record the longitudinal and the transverse resistivity of the Pt layer and observe an amplitude modulation consistent with the spin Hall magnetoresistance. In comparison to Pt on collinear ferrimagnets, the modulation is phase shifted by 90
I. INTRODUCTION
Spintronic devices integrating ferromagnetic materials and heavy metals (HMs) in multilayer hybrid structures represent well-established basic elements in the field of data storage. For future spintronic applications, anti ferromagnetic materials have come into the focus of interest.
1-7 They promise robustness against external magnetic field perturbations 6, 8, 9 as well as faster magnetization dynamics compared to simple ferromagnets, 10 paving the way to ultrafast information processing.
11-13
Recently, the spin Hall effect (SHE), [14] [15] [16] [17] the spin Seebeck effect, [18] [19] [20] [21] and the spin Nernst effect 22 as well as other spin transport phenomena [23] [24] [25] [26] [27] [28] were discussed in different antiferromagnetic insulators (AFIs) including Cr 2 O 3 29 and NiO. [30] [31] [32] For the integration of such materials in data storage devices, however, a robust detection scheme for their antiferromagnetic magnetization state is required. The spin Hall magnetoresistance (SMR) [33] [34] [35] could serve as a sensitive probe in this regard. Moreover, the SMR only requires a simple planar metallic electrode on top of the antiferromagnet, making it a promising tool for future applications.
The SMR originates from the interplay of charge and spin currents at the interface between a magnetic insulator (MI) with magnetization M and a HM with strong spin-orbit coupling. Owing to the spin Hall effect (SHE), 36 a charge current in the metal leads to an accumulation of a finite spin polarization σ at the interface. The exchange of spin angular momentum between M and σ then results in a characteristic dependence of the metal's resistivity on the angle ∠(M, σ). 37 The SMR was first experimentally reported in Y 3 Fe 5 O 12 (YIG)/Pt hybrid structures 33, 34 and theoretically explained by a non-equilibrium proximity effect. 37 The validity of the SMR model has been confirmed for YIG/Pt [33] [34] [35] [38] [39] [40] [41] and other collinear ferrimagnetic insulator/HM systems like YIG/Ta, 38 Fe 3 O 4 /Pt,
34
NiFe 2 O 4 /Pt, 34 and CoFe 2 O 4 /Pt. 42 Recently, the SMR was used to resolve the orientation of non-collinear magnetic sublattices in canted (Gd 3 Fe 5 O 12 ) 43 or spiral (Cu 2 OSeO 3 ) ferrimagnets. 44 In antiferromagnetic thin films, the SMR has been utilized to study the spin transport in exchange-coupled YIG/NiO/Pt bilayer systems. 27, [30] [31] [32] Very recently, the bare SMR effect using antiferromagnets was reported for Cr 2 O 3 /W 45 and bulk NiO/Pt. 46, 47 Furthermore, the SMR response of Cr 2 O 3 /Pt, NiO/Pt, and CoO/Pt was recently calculated assuming a single domain antiferromagnet, where the direction of the antiferromagnetic vector is determined by the magnetic anisotropy and the external magnetic field. 48 In this paper, we systematically investigate the SMR in multidomain antiferromagnetic NiO/Pt bilayer thin films. We use angular-dependent magnetoresistance (ADMR) measurements, rotating the magnetic field in the easy-plane of NiO to measure the SMR amplitude and phase. We find a 90
• phase shift of the SMR modulation with respect to the SMR observed for collinear ferromagnetic insulators (FMIs). 34 These results demonstrate that the SMR reflects the spin structure of the antiferromagnetically coupled sublattices in NiO. We furthermore observe a pronounced dependence of the SMR amplitude on the applied magnetic field strength. We explain this behavior in the framework of the SMR theory, taking into account magnetic field induced modifications of the antiferromagnetic multidomain state in NiO.
II. THEORY
A. Spin Hall magnetoresistance in single-domain antiferromagnetic insulator/heavy-metal bilayers
The spin Hall magnetoresistance (SMR) corresponds to a modulation of the resistance of a HM with strong spin-orbit coupling adjacent to a magnetic insulator (MI) depending on the direction m = M/M of its magnetization M. 37, 43 In such a MI/HM bilayer (see Fig. 1 ), a charge current J c driven through the HM layer induces a spin current J s perpendicular to the spin polarization σ and J c via the SHE, creating a local spin accumulation at the MI/HM interface if σ is collinear to m. The resulting gradient of the spin accumulation leads to a diffusive spin current backflow J back s , compensating J s . If σ is noncollinear to m, a spin transfer torque can be exerted on the magnetic moments resulting in a modification of the spin accumulation and an additional dissipation channel for charge transport in the HM layer and thus an increase of the HM resistivity.
49
In MIs with N magnetic sublattices, the modulation of the resistivity tensor ρ of the HM layer due to the SMR depends on the directions m p with p = 1, . . . , N of the magnetization of each magnetic sublattice. 43 The diagonal component of ρ along the charge current direction j (see Fig. 1 ), coinciding with the longitudinal resistivity ρ long , is then given by
where ρ 0 is approximately equal to the normal resistivity of the HM layer 37 and ρ 1,p represents the SMR coefficient of the pth magnetic sublattice with ρ 1,p ρ 0 . m p,t denotes the projection of m p on t (perpendicular to j in the j-t-interface plane, see Fig. 1 ).
Considering a MI/HM bilayer consisting of a FMI with only one magnetic sublattice (N = 1, see Fig. 1(a,c,e) ), ρ long can be written as
with ρ 1 = ρ 1,1 and m t = m 1,t . Assuming that the magnetization stays in the j-t plane, ρ long depends on the projection m j of the magnetization direction m on j, i.e. the angle ϕ (see inset of Fig. 1(e) ), as
This results in a maximum of ρ long at ϕ = 0
• and a minimum of ρ long at ϕ = 90
• . From a similar consideration, 37,43 the transverse resistivity ρ trans is given by
with the transverse SMR coefficient ρ 3 ρ 0 . 34, 37 The SMR amplitudes can then be defined as
With an applied magnetic field H larger than the anisotropy field H a of the FMI, ϕ is equal to the angle α between the external magnetic field H and the current direction j (see inset of Fig. 1(e) ). We then expect a (1 + cos 2α)-dependence of ρ long (α) as shown in Fig. 1(e) .
In an AFI/HM bilayer (see Fig. 1(b,d,f) ) consisting of an antiferromagnet with two magnetic sublattices (N = 2), ρ long can be written as
with ρ 1 = ρ 1,1 = ρ 1,2 and m 1,t (m 2,t ) the projection of m 1 (m 2 ) on t. Without canting of the sublattice magnetizations, the directions m 1 and m 2 are given by the unit vector (Néel vector) = (m 1 − m 2 )/2 with its projections j and t on j and t, respectively. Assuming that stays in the j-t-plane, we obtain
with the angle ϕ between and j. Similarly, we get
While the angular dependence of the resistivity tensor ρ(ϕ) is equal for FMI/HM and AFI/HM bilayers (compare Eqs. (3), (4) with (7) and (8)) resulting in the same SMR amplitude, it is different with respect to the orientation of the external magnetic field ρ(α). For magnetic fields H larger than the spin-flop field H SF of the AFI, is perpendicular to the external magnetic field H, i.e. α = 90
• + ϕ, resulting in a 90
• shift of ρ long (α) in AFI/HM bilayers with respect to collinear FMI/HM bilayers (see Fig. 1(f) ). This 90
• phase shift is often referred to as a "negative" SMR. In real samples, the AFI exhibits different types of domains k with different directions (k) . To calculate the total longitudinal and transverse resistivities, we average over the Pt resistance contributions of the HM layer from individual domains k: ρ
(see Eqs. (7), (8)). 50 We further neglect . ρ long can be parametrized by the angle ϕ between m ( ) and the current density direction j. The expected angular-dependence of ρ long is sketched in (e,f) as a function of the angle α between the external magnetic field H and j for H larger than the anisotropy field (FMI: α = ϕ) or the spin-flop field (AFI: α = 90
• + ϕ).
any contribution of the antiferromagnetic domain walls, since their influence on the HM resistivity is expected to be small. The averaged total Pt-resistivities taking into account the relative fractions of each domain ξ k yield
with k ξ k = 1. Therefore, to calculate the SMR amplitude in multidomain AFI/HM heterostructures the knowledge of the antiferromagnetic domain structure in the presence of an external magnetic field H is required. At zero magnetic field the directions (k) are given by the magnetic anisotropy only. A finite applied magnetic field H affects the magnetic structure of an antiferromagnet in two ways.
51 On the one hand, the magnetic field splits the degeneracy of the energetically equivalent domains and creates an effective (ponderomotive) force able to push the domain walls toward the energetically unfavourable domains. On the other hand, the magnetic field induces a coherent rotation of (k) of an individual antiferromagnetic domain k until (k) is perpendicular to H due to the competition between the magnetic anisotropy energy (favouring the alignment of along the easy axis) and the Zeeman energy (acting to align perpendicular to H). Which of these mechanisms dominates, depends on the properties of the domain walls. If they are strongly pinned by defects and cannot move under an external magnetic field, the domain structure can be considered as fixed and the magnetic field causes only a coherent rotation of (k) . In the opposite case of movable domain walls, the magnetic field modifies the spatial antiferromagnetic domain distribution. This process needs less energy compared to the coherent rotation of (k) within a single domain, as the domain wall motion involves rotation of spins mainly within the domain wall region. Thus, similar to ferromagnets, we can assume that at low magnetic field magnitudes domain redistribution is dominating, while coherent rotation starts at higher magnetic field values when most of the unfavourable domains are removed. This process is schematically shown in Figs. 2(b-d) for the three-domain case in the easy plane of NiO.
While the external magnetic field triggers domain redistribution, another mechanism, based on magnetoelastic interactions, is responsible for restoring the domain structure after the magnetic field is removed. In contrast to ferromagnets, where the equilibrium domain structure originates from the magnetic dipole-dipole interactions, antiferromagnets show a vanishingly small macroscopic magnetization, which excludes reasonable demagnetization effects. However, antiferromagnets with a pronounced magnetoelastic coupling are subject to strain release effects (destressing effects), 52 which is an elastic analog to the demagnetization phenomenon in ferromagnets.
In the following we focus on the physics of the destressing effects for the experimentally relevant case of an antiferromagnetic thin film grown on a non-magnetic substrate. The antiferromagnetic ordering is accompanied by the appearance of spontaneous magnetoelastic strainŝ
where the constant λ describes the magnetoelastic coupling, G is the shear modulus, and ⊗ denotes the dyadic product. Thus deformed, compared to the non-magnetic state, regions of an antiferromagnet can be treated as magnetoelastic dipoles which, similar to magnetic dipoles, create long-range fields of elastic nature (stresses) in both the magnetic layer and the nonmagnetic substrate. Intuitively, in the absence of the magnetic field, the magnetoelastic contribution to the total energy of the sample is minimal in a multidomain state with zero average strain û = ξ kû (k) , since a multidomain state minimizes the total energy. Asû is related to , this condition is also equivalent to zero av-
To calculate the parameters of the multidomain state in the AFI, we introduce the so-called destressing energy density in analogy with the demagnetization energy in ferromagnets representing the main contribution of the energy of magnetoelastic dipoles (for details see Refs. 52 and 53):
where H dest is the value of the destressing field, which depends on the properties of the substrate and the interface with the antiferromagnetic layer, . . . denotes the mean average over the domain structure, and M is the sublattice magnetization. As obvious from Eq. (10), E dest is a function of two sets of variables: the Néel vector
inside domains as well as the domain fractions ξ k . Using the coordinate system defined in Fig. 1 , we can rewrite the destressing energy density as
where ϕ (k) is the angle between (k) and j. The domain structure in the presence of an external magnetic field H can be calculated taking into account the Zeeman energy density with the exchange field H ex 54
with α being the angle between the magnetic field H and the current direction j (see Fig. 1 ), as well as the magnetic anisotropy energy density
averaged over the domain structure. The equilibrium domain structure is then obtained by minimizing the total energy density
with respect to (k) and ξ k . Equations (10) and (12) reveal that formally the effects of the destressing and the magnetic field on an antiferromagnet are equivalent. This means that in general the destressing field can fully or partially screen the external magnetic field, in analogy with screening of the external magnetic field due to demagnetization effects in ferromagnets.
We apply the general theory of equilibrium domain structure to the particular case of NiO/Pt bilayers, where NiO represents a prototypical biaxial AFI with a Néel temperature of 523 K, 55 crystallizing in a simple sodium chloride structure. Below the Néel temperature, the Ni 2+ spins align ferromagnetically along the original cubic 112 directions within the {111} planes and antiferromagnetically between neighboring {111} planes 56, 57 thus forming two magnetic sublattices with average directions m 1,2 . In the absence of an external magnetic field, m 1,2 and thus the Néel vector are aligned along the 112 easy axes, resulting in three types (k = 1, 2, 3) of physically distinguishable antiferromagnetic domains (cf. Fig. 2(a) ).
?
This domain structure can be described by two independent variables ξ k , as k ξ k = 1. These two additional degrees of freedom are enough to fully compensate the effect of two independent combinations of the magnetic field components, H 2 t −H 2 j and H t H j . As in this case the effective magnetic field is zero, the orientation (k) within the domain k is defined solely by the magnetic anisotropy and coincides with one of the easy axes (see Fig. 2(a) ). Hence, the average values 2 t − 2 j and t j are proportional to two independent linear combinations of ξ k and can be treated as independent variables. Minimization of E tot then gives the fraction of the energetically unfavourable domains ξ unfav and the fraction of the most energetically favourable domains ξ fav as a function of the magnetic field orientation α as well as of the magnetic field magnitude H as (α ≤ |30
• |)
From the condition ξ unfav = 0, we distinguish two cases: For H < √ 2H dest H ex , the sample contains all three types of domains for any α (cf. Fig. 2(b) ), and in the field range √ 2H dest H ex ≤ H < 2 √ H dest H ex the sample exhibits two domains for certain values of α and three domains for others (cf. Fig. 2(c) ). For magnetic field magnitudes H larger than 2 √ H dest H ex , NiO reaches a single domain state for any α (cf. Fig. 2(d) ). We therefore identify 2 √ H dest H ex as the monodomainization field H MD .
By substituting the obtained domain fractions into Eq. (9), we obtain
sin 2α (16) in the three domain case, i.e. in the field range 0 < H < H MD / √ 2. The longitudinal resistivity ρ long thus oscillates around ρ 0 + ρ 1 /2 as schematically shown in Fig. 2 . The SMR amplitudes are then given by
Therefore, the amplitudes increase quadratically with the external magnetic field magnitude H. At higher magnetic field magnitudes H MD / √ 2 ≤ H < H MD , in a two-domain state, only one of the three ξ k is an independent variable. However, the destressing field still partially compensates the magnetic field, so that
In this case, the effective field
j is finite and directed either along t or along j, causing a coherent rotation of (k) in both domains (see Fig. 2(c) ). To get the equilibrium orientation of (k) with k = 1, 2, the total energy density E tot should be minimized taking into account the magnetic anisotropy energy. However, in assumption that H A H dest , which is equal to the assumption that the spin flop field H SF is much lower than the monodomainization field H MD , the anisotropy energy can be neglected and Eqs. (16) and (17) also become valid in the magnetic field range H MD / √ 2 ≤ H < H MD , i.e. in the two-domain state.
At even higher magnetic field magnitudes H ≥ H MD , (k) in each domain k is perpendicular to the effective magnetic field. Thus, the difference between the domains disappears and the sample reaches a single-domain state, where the orientation of is now given mainly by the Zeeman energy, i.e. the external magnetic field H, resulting in a coherent rotation of (cf. Fig. 2(d) ). The longitudinal and transverse resistivities are now given by Eqs. (7), (8) leading to a saturation of the SMR amplitudes SMR long = ρ 1 /ρ 0 and SMR trans = ρ 3 /ρ 0 , independent of the magnetic field magnitude H. first fabricated a (111)-oriented NiO thin film on a single crystalline, (0001)-oriented Al 2 O 3 substrate at 380
• C in an oxygen atmosphere of 10 µbar via pulsed laser deposition monitored by in-situ reflection high energy electron diffraction. Subsequently, the NiO thin film was covered by a thin Pt layer by electron-beam evaporation in situ without breaking the vacuum. X-ray diffraction measurements shown in Fig. 3(a) reveal a high structural quality of the NiO thin films demonstrated by the full width at half maximum of the rocking curve around the NiO(111) reflection of only 0.029
• . The in-plane orientation and the strain state of NiO was investigated by reciprocal space mappings around the NiO(402) and the Al 2 O 3 (3 0 3 12) reflections (see Fig. 3(b,c) In addition, a lattice constant of a 100 = 0.419 nm has been derived. This value is close to the bulk lattice constant of NiO (a = 0.4177 nm), 59 indicating a nearly fully relaxed strain state of NiO on Al 2 O 3 . Furthermore, a low surface roughness below 0.8 nm (rms value) is confirmed by x-ray reflectometry as well as atomic force microscopy. In the following, we discuss a NiO/Pt thin film bilayer with a thickness of the Pt layer of t Pt = 3.5 nm and the NiO thin film of t NiO = 120 nm. of the NiO thin film, respectively. In addition, the measurement scheme used for the magnetotransport measurements with the applied current I, the measured longitudinal voltage V long , and the transverse voltage Vtrans is illustrated. In the NiO(111) plane, the direction of the magnetic field H is defined by α (green) with respect to the current direction j. H is rotated counterclockwise.
B. Magnetotransport measurements
For magnetotransport measurements, the sample is patterned into a Hall bar mesa structure via optical lithography and Ar ion milling (see Fig. 4 ). The longitudinal (ρ long ) and transverse resistivities (ρ trans ) are calculated from the longitudinal and the transverse voltages V long and V trans , measured with a standard four-probe technique using a dc current of 100 µA and a currentreversal method. 43 We perform ADMR measurements by rotating an externally applied magnetic field of constant magnitude in the (111)-plane of the NiO film as well as sweeping the magnetic field at fixed orientation with respect to the crystallographic axes of NiO at 300 K.
The data obtained from ADMR measurements in different magnetic field magnitudes are shown in Fig. 5 . The predicted − cos 2α dependence of ρ long as well as the − sin 2α-dependence of ρ trans with increasing amplitudes as a function of the applied magnetic field strength (see Eqs. (16)) are clearly observed for µ 0 H > 1 T. The angular dependence of the resistivities is consistent with the model introduced above for AFI/HM bilayers, i.e. showing a minimum of ρ long at α = 0
• and a maximum at α = 90
• and being shifted by 90
• with respect to previous experiments in Pt on collinear ferrimagnets.
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This provides clear evidence that we are indeed sensitive to (or j and t ) in the antiferromagnetic NiO as discussed above. The 90
• phase shift is further consistent with recent experiments in Pt on canted ferrimagnets, where the same shift in the angular dependence is evident close to the compensation temperature, 43 and experiments in YIG/NiO/Pt heterostructures 27,30-32 as well as NiO/Pt bilayers. resulting in hardly detectable amplitudes of the longitudinal and transverse resistivity variations, respectively. To evaluate the field dependence of the modulation of ρ long and ρ trans as well as the SMR amplitudes SMR long and SMR trans , we fit our data according to Eqs. (16) using cos 2α and sin 2α functions, respectively. The fits are shown as solid lines in Fig. 5(b-d) .
To confirm the magnetic field dependence of ρ long , we additionally performed field-dependent magnetotransport measurements, sweeping µ 0 H from -17 T to +17 T at a fixed orientation α. We normalize the data to ρ(H = 0) (cf. Fig. 6 ). The slight asymmetry of the signal for +H and −H is caused by variations of the temperature during the field sweeps. For α = 0
• (H j, red symbols) the resistivity decreases with increasing H, as • (H t, black symbols) and α = 0
• (H j, red symbols).
the relative fraction of the domain with t increases with increasing field (cf. Fig. 1 ). According to Eq. (9), this leads to a decrease of ρ long . For α = 90
• (H t, black symbols), the magnetic field diminishes the area of the domain with t until it completely vanishes. By further increasing the magnetic field magnitude, rotates away from the magnetic field resulting in an increase of j and thus to an increase of ρ long according to Eq. (9).
IV. RESULTS AND DISCUSSION
The SMR amplitudes obtained from the ADMR as well as the field-sweep measurements are depicted in Fig. 7(a) (black, red, and blue symbols) as a function of the external magnetic field H. Almost no difference between SMR long and SMR trans is observable, which is in agreement with the notion ρ 1 = ρ 3 in the SMR theory.
34,37
Furthermore, the SMR values derived from field sweep measurements at fixed magnetic field orientations α are in good agreement with the SMR amplitudes obtained from the ADMR measurements. The deviation at high magnetic fields is mainly caused by a slight temperature variation during the field-sweep measurement, as well as a small misalignment of the Hall bar with respect to the current direction. As expected from Eq. (17), we observe a quadratic dependence of the SMR amplitudes as a function of H for small magnetic fields. At higher fields, the SMR amplitudes start to saturate.
To determine H MD in our sample, we fit the SMR amplitudes according to Eqs. (17) . The best fit was obtained for µ 0 H film MD = 13.4 T (cf. green solid line in Fig. 7 ). H MD is highly dependent on the specific sample used for the experiment. This is further evidenced by evaluating the data published by Hoogeboom and coworkers using a NiO/Pt sample based on a NiO single crystal. 46 For this sample we derive a significantly lower monodomainization field of µ 0 H cryst MD = 4.1 T. This demonstrates that our model can generically explain the SMR using anti- ferromagnets with strong magnetoelastic coupling (see Fig. 7(b) ).
In addition, the destressing field H dest = H 2 MD /(4H ex ) can easily be determined via the SMR. By using µ 0 H ex = 968.4 T 60 and the derived values for H MD , we obtain µ 0 H film dest = 46 mT for our NiO/Pt thin film sample and µ 0 H cryst dest = 4 mT for the bulk NiO/Pt sample of Ref. 46 . This demonstrates that H dest , which is a measure of the local internal stress fields created by the antiferromagnetic ordering, is highly sensitive to the details of the sample. In the NiO/Pt thin film heterostructure, H dest is one order of magnitude larger than in NiO/Pt hybrids using NiO single crystals. This is mainly caused by the elastic clamping of the NiO thin film on the Al 2 O 3 substrate in case of the NiO/Pt thin film bilayer.
Comparing the simulation to our experimental data, we find a very good agreement for H < H MD . However, at H ≥ H MD the experimental data do not show the expected saturation of the SMR amplitude. This is most likely caused by finite pinning effects, which can affect the magnetic structure in two ways. On the one hand, they can pin magnetic domain walls and on the other hand, they can affect the direction (k) within one domain k instead of a combination of the magnetic anisotropy and the Zeeman energy. These pinning effects, which are neglected in the simulation, prevent the formation of a single domain state in the NiO layer within the magnetic field range up to 17 T.
V. CONCLUSION
In summary, we study the angular dependence of the SMR in thin film NiO/Pt heterostructures, revealing a phase shift of 90
• when compared to the SMR in YIG/Pt and a pronounced field dependence of the SMR amplitude. We further present a comprehensive model for the SMR effect in multidomain antiferromagnets. Our systematic study of the field dependence of the SMR amplitude and the subsequent comparison to simulations provides conclusive evidence for magnetic field induced domain redistribution due to movable antiferromagnetic domain walls as the dominant effect for the field dependence of the SMR in NiO/Pt heterostructures. We further demonstrate that the SMR is a versatile and simple tool to investigate not only the magnetic spin structure, but also local magnetoelastic effects in antiferromagnetic materials.
